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(57) Abstract 



An encapsulated or rigid bundle (3) of rods (5) forms a substantially non-dispersive buffer usable in extreme environments, operable 
over wide bandwidth, and easily repairable in the field. In one preferred configuration, suitable for measuring the flow of low-molecular- 
weight gases over a wide range of pressure, temperature and flow rates, the bundle is made of about one thousand stainless steel welding 
rods (5) tightly packed inside a 1-inch diameter tube (6). The rigid encapsulated assembly is sealed at the end that is in contact with the 
gas and may be sealed into a high-pressure flange (8) in a manner mat yields broadband transmission characteristics. A second buffer 
bundle (9), aligned with the first bundle, may be pressure-coupled on the other side of the flange. Ultrasonic pulses (4) transmitted into the 
first bundle remote from the gas are transmitted with little loss and hole pulse distortion into the gas, while the transducer (1) is thermally 
isolated by the second bundle and remains near ambient temperature. 
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ULTRASONIC PATH BUNDLE AND SYSTEMS 

Background of the Invention 

The present invention relates to ultrasonics, and more particularly to all or portions of 
5 an ultrasonic system which includes coupling signals between transducer and an object or 
body of material through which those signals arc to propagate. Particular applications may 
involve coupling into a gas at high temperature where some form of isolation, such as a 
buffer rod, is required. 

Buffer rods have been used in ultrasonics for over fifty years to separate a transducer 
10 crystal from media under investigation that are at very high temperature. This is analogous to 
tending a red-hot fire with a long steel poker so as to not bum one's hands. 

In ultrasonic measurements, it is important that the buffer not corrupt the signals of 
interest. Accordingly, much effort over the years has gone into avoiding the sidewall echoes 
generated by mode conversion. Such mode conversion occurs when longitudinal waves 
15 strike the wall near grazing incidence, generating shear waves, which in turn reflect multiple 
times diagonally across the rod. Each reflection generates a delayed replica of the original 
longitudinal pulse. Probably the most commonly-used way to avoid sidewall echoes is to 
thread the buffer. This method is often adequate, but has the disadvantage that it is quite 
lossy . For example, a solid steel buffer rod of 25mm diameter and length of about 30 cm 
20 experiences a beam spread loss of about 20 dB, for a 500 kHz signal, assuming the 
longitudinal wave starts as a plane wave across the entire diameter of the rod. 

Other known methods for preventing beam spread or diffraction loss in solid buffer 
rods include 

(i) the use of shear waves rather than longitudinal waves, as described in U.S. Patent 
25 No. 3,477,278 of L. Lynnworth, and 

(ii) the use of a buffer rod in which the outer portion has a higher sound speed than 
the core, as described in U.S. Patent No. 5,241,287 of Jen. 

Furthermore, if hollow buffers are considered, one can avoid most of the diffraction 
loss and also avoid sidewall echoes. But in certain applications, it is not easy to correctly 

30 eliminate errors due to uncertainties in the time of travel down a hollow tube, in which the 
sound-conducting fluid may have a temperature or compositional gradient. Hollow tubes 
also run the risk of becoming filled with residues or condensate, which loads the walls and 
significantly alters their propagation properties. Also, at high flow velocities they resonate 
and create strong acoustic interferences. 

35 In 1966, LL. Gelles described non-dispersive operation of individual or bundled glass 

fibers to form flexible ultrasonic delay lines. These bundles, formed of fiber optic cable 
encased in a loose plastic sheath, had their fibers all fused or joined together by epoxy to 
form a practical termination. However, Gelles found high attenuation even in a very short 
distance of propagation through the bonded region, reporting an attenuation of "roughly 
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greater than 1 OdB/mm of coated-fiber length " n t n h • , 

I in« / ^ g (L L> Gelles ' 0 Ptical-Fiber Ultrasonic Delav 

H "t !°^ M - 39(6),PP - »"-""»0«^ With this construction <J^1 
«e to a jus, the bond thickness «„ wo* bener for a particular frequency „, ,„ nu^aT 
undestred or spunoua pulse, and he suggested tha, Urn, construction wouL have ZTesT 

— T' '~ dday *~ ^ P " ^ - fiber-hlTatuTuc 
modulators. However, to app.icant's knowledge, the acoustical use of optica! fibers hast 
found apphcation to transmission ltak or huffer consuuctions in the sub^uent^s 

when ,b remam Pr0b ' emS m deHVering ° r well-defined acoustic signals 

. o £l -ST" r^™ envi — «-*« ^ span" ; 8 

T1 « Prob " !ms "» be P^«"atly daunting when tire process involves a gas a. 
htgh tempemrtre and high pressure, so the, ntuhiple considerations of physic! *^ ot 

IrtT ? """ Pah ta ^ ta " discontinuities ai, a2 

~ witi^T P ' e> ^ T** Stopl = <*—» * 8- <-o„ velocity 

ac -° r - td y»"n»'*l%overawideflowrauge,foralowmolecularweight e a S start™™! 

ranging U p to 200 C in normal operation and 450°C in upset conditions, actually imposes a 
long list of requirements on the ultrasonic measuring system ? 
Ap ^ s ^ emmust ^°^^ signal 

In accordance with the present invention, a rigid link formed of stiffsubstantiallv non 
25 d 'r S 7.7 bKproVi<tedta -''"^nalpa m . ,„ one embodiment, tnTl^s a 
25 buffer whtch acts as a signal-preserving and physical* extending aand-off „ JoTe 

or more such hnks may connect .„ series ,o carry signals between a transducer and an 
^measurement or signa, point fn a preferred embodiment rods are "m" 

30 or otiose worked ti, augment or to enhar.ce definition and coupling of the sigl 
^ n , tprefeneti embodiment of tins aspect of the invention, me tenni^C. 
portion of a flange or cover plate forming a readily instafled pressure-harty closure for a 

Process ime or vessel. Eachofmerodshasadefmedlengmsomatmeycoup^ntita 
combtned stgnal or receive a detected signal coherently totransmtta 

" sneer 'I"*" m emb0dimen,s - "* disc ™*y "-elude a M matching !ayer for a 

naegrel mmnp.es of ma, frequency, or harmomcafly-relamd frequencies. !„ stil, outer 

surface ,„ convert between compressional wave energy in me rods and flexure! wave energy 
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of the surface. The surface may for example be the wall of a cylinder acting as a high- 
frequency sound source or receiver, wherein the flexural excitation of the cylinder provides 
an impedance-matched coupling of the signal with a surrounding gas. The signal path link of 
the present invention propagates a given frequency at one phase velocity but may propagate 
5 different frequencies with different speeds. One system utilizing this property involves 
Fourier synthesis of special impulse waveforms built up from tone bursts of two or more 
different frequencies launched at different times from one end of the link. A single channel 
system utilizes such a link to provide a signal of enhanced edge definition. A pattern of 
different diameter rods in a bundle focuses or steers the beam, while shaping of the output 
10 face controls beam direction. A processing system may couple pairs of elements to cancel 
noise. 

Brief Description of Drawings 

These and other features of the invention will be understood by a person versed in the 
art, from the description and claims presented herein, taken together with illustrative 
15 embodiments and explanatory drawings, wherein: 

FIGURE 1 shows a first embodiment of the invention; 

FIGURE I A shows a system utilizing an ultrasonic path link in accordance with the 
present invention; 

FIGURES IB and 1C show particular bundle embodiments. 
20 FIGURES 2, 2A and 2B show the link of FIGURE 1 in a complex measurement 

assembly; 

FIGURE 3 shows a section through an end portion of the link of FIGURE 1 ; 
FIGURES 4A-4D illustrate a preferred construction of a link end portion; 
FIGURE 5 shows an embodiment with right angle reflector; 
25 FIGURES 5 A and 5B illustrates a system utilizing the embodiment of FIGURE 5 and 

a detail thereof; 

FIGURE 6 shows another embodiment; 
FIGURE 7 show a two-link embodiment; 

FIGURES 8A and 8B illustrate Fourier synthesis useful with a broadband link; 
30 FIGURES 9A-9F illustrate a number of directed bundle embodiments; 

FIGURES 1 OA- 10C show details of a parallel bundle system with crossed beams; 

FIGURES 10D and 10E illustrate elements of the invention in pulse-echo and in 
pitch-catch sensing arrangements, respectively; 

FIGURES 1 1-1 1C illustrate more complex bundle constructions; 
35 FIGURE 1 2 illustrates techniques of bundle reinforcement; 

FIGURE 13, 13A-13D illustrate hybrid and other embodiments of the invention; 

FIGURE 14 illustrates a mode-converting link of the invention in an impedance- 
matching embodiment; 

FIGURE 15 and 15A illustrate a clamp-on embodiment; 
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■«—. ^T" "'^ mK,s <™ •»«•»» * the prior an and the 

present invention, respectively; 

FIGURES 17 illustrates operation of the system of FIGURE 16B 
Detailed Description 

FIGURE 1A shows basic elements of a system 10 in accordance with the present 
nven ion, wherein a transducer 1 1 is used ,o perform one or both of the 0^" 

*ntt» 2 >f present, may be a pipe, sack or other conduit, a tank or a pmcess vessel An 
— pa* emends between me relevant p„ nion of me mea _, 

— er ll.and, defined along a, leas, panofitstogthbyalink element .3 £ « 
cames the acousttc signal along a non-measurement leg of its path ie an„„il tT\ 
ft. is no, d ire c tl y affected b y me poetry of the fluid U « 
hnk 13 maycouple the tmnsducer . 1 to orthrough fire wall of me colm^m IZTor 

By way of example, medium 20 may be a low-molecular weight hydrocarbon or „„< 
■n a pmcess line of a p,ant conduit operating a, a temperature of ,00 2WC ~ 
elevated ptessure of ,00-200 bar. ,n this case, the tmnsduc „ must be efflv led 
fluou^, a masstve stec, containment wa,, and mus, further be sufficiently physically 32 
" Measurement environmem to prevent thermal degmdation of L transit 
The hnk 13 thus serves as a buffer ,„ allow coupling of me transducer. 

In a basic embodiment, link 13 is formed by assembling a plurality of small diameter 

s t wire ; in, ° a bundu wwch foms ■ ^ "a rr 

m^nt^Ta ^ Wi,hOU, " FIGURE ' — - 

crvsm, !t n ° URE Pr0Ceeding gMMKU * "* •» -if", a piezoelectric 

crystal 1 ,s epoxted to the ,eft end 2 of a flrs, bundle buffer 3 abiding l ^ ' 

ph^vX' 5 hema,iCa " y - I,lra - IS ^*^«-~mebund,?:a 

c «, - V(E/p) [1 - (naa/JL) 2 ] 

where a is the rod diameter, and n is the Poission's ratio of the rod material. 

One such rod is denoted 5. Each rod serves as a waveguide, and according to this 
mvennon, the set of rods are assembled to preserve the individual properties of c^out 
have them act coherently. That is, the rods are not ^^^^ 
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their lengths, but are joined at a common end into a well-defined structure. The above 
equation implies that if the rods are small enough compared to wavelength \, c ext is very 
nearly equal to the square root of the Young's modulus E divided by density p. For stainless 
steel rods, this phase velocity is 5000 m/s near room temperature and decreases by about 10% 
5 at500°C 

In the illustrated construction, the rods 5 may be packed into a sleeve 6 of the same 
material, which may have a sleeve wall thickness selected such that the lowest-order 
symmetrical Lamb wave (S D mode) transmits compressional waves in the sleeve at essentially 
the same speed as do the rods. One would expect that the tighter the rods would be packed, 

10 the more the boundary conditions would change on individual rods and on the sleeve, and 
that this would alter the propagation properties adversely. However, we have found that one 
may tightly pack the rods into the sleeve, without incurring dispersion. Applicant conjectures 
that the elements behave as if they were unbounded, because contacts between adjacent 
elements, and between outer elements and the surrounding sleeve, are of very small area 

1 5 compared to the surface area of the element or sleeve, occurring only at points 

(mathematically speaking), even though, in fact, the elements are squeezed into the sleeve 6. 
By matching the phase velocities in sleeve and waveguide elements, one may minimize 
dispersion in the bundle buffer. To reduce coupling from the waveguides (e.g., rods) to the 
sleeve, one can further arrange by choice of material, frequency and thickness or rod 

20 diameters that the relative soundspeed 

Csleeve ^ Crods- 

The sleeve and its contents so assembled are herein called a sleeved bundle. The 
rods, though tightly packed, might still slide in or out along the axial direction. This sleeved 
bundle is next turned into a fixed or rigid assembly. The rods are restrained axially by fixing 

25 one end of the rods together, e.g., electron beam welding all the tips together for a distance 
on the order of one millimeter. The fused ends are also EB welded to the tube to seal the 
welded end, which can then machined off square, flat and very smooth. This procedure may 
be done at both ends, to result in a totally encapsulated bundle that is evacuated (because the 
EB welding is necessarily performed under vacuum), and the sleeved and sealed bundle can 

30 then be handled almost as if it were a solid bar of stainless steel, although acoustically, it 
presents a non-dispersive propagation characteristic of the thin rods which fill its interior 
Note that stainless steel or other metals, while having a particular longitudinal velocity of 
about 6000 meters/second, have extensional velocities of about 5000 meters/second or less, 
depending on rod diameter or wall thickness compared to wavelength. 

35 The sleeve may generally have a thickness in the range of 0.25 to 2.5 millimeters or 

greater. Applicant has found the sleeve thickness to have relatively little effect on bundle 
performance, so its thickness may be selected to enhance other performance aspects such as 
environmental hardiness, or ease of welding or assembly. 
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As further shown in FIGURE 1 , a threaded member 7 is welded around the sleeve 
ow ing ^ fi rst buffer bundle 3 to be „ pressure ^ *^ ee ^ e 

of a recess m flange 8. By way of example, this flange may be taken to have the dTa^ 
and tmcknessdtmensions of a standard 1 .5-inch, 2500 psi rated, raised face flange Telnd 
> recess is shown on the opposite or "process" side of <h* fi • 

8a in the center Th. * ^ leaVmg a thin c °ntinuous web 

tiuck at us raised face cross section, i.e., at its circumferential bolt-down ring it can be 
thinned to about 7 5 mm nnlv i w ah L - , 8 ' e 

ux /.d mm, only 15 A of the full thickness over a central region of diameter 

^.C^r '• ^ K — ~n for delays in te 
ouners. The second buffer could be pressure coupled, with a threaded „u< like nut 7 of the 

element whtch ts to be located internally in the process environment 

•on could no, be re,,gh,ened unul the plan, is shut do™ for maintenance. By braL 
followed by welding around me periphery, a permanent coupling is assured fctS 9 By 

f,ret buffer 3 a,so ** — ■* — "* ta - 

easy repan- or replacemen, a. some Uter date if one wished ,o replace me flrs, buffer with 

each segmen, of me pad,, which is useful when performing system diagnoses For « 

^Itrd, SC ~ rieS ta ^ " «" -upHng emciency : ^ ' 
junctions, or bundle temperature. 

, ... F ° r buffere *> above, and for nftrasonic frequencies^ 500 kHz a 

dmmerer for dte rods is 2a - 0,035 inches, or 0.9 mm. This is «he smalf^dHy- 
avarlab e d,ame,er for SS316 wefding rods. The cusps beuveen element in a , igtly^L 
-yofsuch red, may be pardy fined by sdl, smaUer reds (no, illuara.ed, Are^tT 
omermoa nng of reds, tnsening smaller fill rods win reduce the .^supported cfrcumferenual 

yTd„lor tT T"™ te — ming - — - 

TtoZZ lo "., 7""'° — "* WOUld «— ^ « «« -me sound speed 
as me SS rods and sleeve and so ts no, as favorable a solution. We have found ma, an L, 

suBsmurcsHsr . 
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sleeve thickness of 1/4 mm (0.020 inches) is suitable for test pressures up to 300 bar when 
the sleeve is packed full of rods of 0.9 mm diameter. 

A useful length for such a bundle buffer, corresponding to the initial lengths that the 
rods of the first and second buffers are cut, is on the order of 30 cm (one foot). 
5 Measurements on such prototypes show that lengths up to one meter or longer are practical, 
insofar as attenuation and pulse distortion are concerned. A 25.4-mm diameter bundle that is 
one meter long, has a length to diameter ratio 1000/25.4 = 39.37 or approximately 40:1 . The 
construction principles described here are applicable to even longer bundles and/or slenderer 
ones, where the length to diameter ratio can be 100:1 or even greater. 

10 It is interesting to recall that to accommodate welding and radiographic or other 

inspection procedures, prior art nozzles often have lengths in the range of 1 5 to 30 cm, or 6 to 
12 inches. The buffers described herein are suitable for use inside such nozzles, and such 
signal-guiding is advantageous even when the process gas is not at high temperature. For 
example, the process fluid can be methane at high pressure, but at a temperature between -20° 

15 C to +60°C, or it can be steam, which is typically at high temperature and high pressure. In 
some vent stacks, both pressure and temperature are near ambient, yet it would still be 
advantageous to employ such a bundle to conduct the ultrasound from the flange end of a 
nozzle right up to the freestream. 

By encapsulating the bundle, corrosion, particulates and other potentially-fouling 
20 attributes of the process fluid are prevented from contaminating the waveguide system and 
causing eventual decalibration. The bundle thus serves as a non-degrading acoustic path link 
through a degrading environment. 

For a gas at standard conditions (STP = 0°C, 760 mm Hg pressure) a low molecular 
weight implies a low density, which in turn means low acoustic impedance Z, where Z = pc. 
25 In the described systems, the bundle buffer transmits into and out of a medium whose 
impedance Z is orders of magnitude lower than that of the buffer. Note that the Z of 
hydrogen gas at STP is 10* 4 compared to that of water. 

To accommodate such extremes of acoustic impedance along the propagation path, 
applicant introduces a quarter- wave impedance matcher 1 1 at the radiating end of the buffer, 

30 as shown in FIGURE 3. A small cavity is machined in the bundle end, into which a nickel- 
plated graphite disk 1 1 is fitted and further encapsulated by brazing and welding to provide 
such a matcher. Depending on the temperature of the braze, and disk dimensions, an 
intermediate layer of material 12, such as molybdenum, having a coefficient of thermal 
expansion between those of graphite and stainless steel may be included to prevent thermal 

35 fracture of the nickel or bonded-on graphite when brazing. The outermost boundary 13, 
which is formed of electroformed nickel or borided-on 316 SS (stainless steel) in this 
example, is preferably thin compared to wavelength, e.g., is one quarter mm or less for use at 
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freezes benveen 100 and 500 kHz. The mat'ching layer is preferably dimensioned one 
quarter „ave,e„ g th thick «/. ,00 kHz, so ,ha, i, is toe quarLwaveL "a 300 kHz 

ouT, * q ~ VelengthS *' Ck fM a 500 ™* — £ * ' ^ 

oup es efficemly at three odd multiple frequencies/ 3/ 5/ For use only at frequen t 3/ 

nlr q r cr "T ma,cher may - 1 For - « 

*e matchmg layer need no, be refractory; it can be a syntactic foam, for examp,e andT 
bondtng can be effect by epoxy iusread of brazing. Similarty. for use Jl££L 
amperau^s, a solder may be emp,oyed. When brazing, in order to avoid ^CTfhe 

exlr g T h "V mPedan - *> *. may be assembled in two-parts-fe 

examp!e a number of pre-segmems, or a smaH diameter graphite disc surrounded by a 

porous and very hghr materia!, which is preferably seaied to cover fhe pores and preveT 

It would be desirable to operate the uhrasorric system over a wide range of flows and 
at.enuat.ons whrch occur as molecular weigh, of fhe medium varies, and more imp!2,lTl 

W k£l f^™' * UaiiZing 3 ^ * «*— —ance near 

geometitcal conaramts m^ed by process piping and standard nozzles. One suitable 

ZZZZT? TZ f* is a PZT (tead — *— > less 

abou,4,nnr(0.160.nches)anddiame,eraboutl6mm(5/8inch). By selecting the bundle 

bandwtdd, m dns manner, one may expect good propagation of coded signals, or may nse *« 

measurement. Anotier constiuction «o achieve broad bandwidth operation Joatct 
-era. crystals ,„ the end „, the bundle, each resonant a, a particular frequen Cmay 
all connect electiically in parallel, and they can be excited simultaneously by a spTe 
excttanon.orfteycanbesweptlnchirpors.eppedchirpfashion. ybyaSp * e 

When so adapted for multi-frequency operation, me bundle may be used adantivelv i„ 
a system wherein the con.ro, sends and receives signal a, each frequency Z££?Z 
quahty of recerved signa, a, each frequency »e.g„ me degree dmLJL. or me 
de^adaoon of stgnal waveform), and men selects the highest frequency which has an 

otti 7T ^^^^^^-•HeWghesfpracrica.L.unon^be 
obtamed under the prevailing fluid conditions. 

Ute buffer rods are substantially ftee of spurious echoes in the region between what 
may be caUed cardinal or principal echoes from the ends of the buffer, d, are 
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other than end echoes, allowing the buffer to be used in diverse applications, including pulse- 
echo applications, from delay lines to ES A. (ESA is discussed in NIST Special Publication 
856, Subhas G. Malghan, ed., Electroacoustics for Characterization of Particulates and 
Suspensions, Proceedings of Workshop held at the National Institute of Standards and 
5 Technology, Gaithersburg, Maryland (February 3-4, 1993)). An example of a flow-related 
pulse-echo configuration for fluid is shown in FIGURE 1 OE, in which signals are sent 
between upstream transducers U and downstream transducers D. these are shown in a top 
view (above) and side view (below) of a flow segment for pitch-catch measurements. 

Certain combinations of construction, slightly different from those described above, 
10 may have advantages in particular circumstances. For example, the ends may be brazed but 
not welded. Pressure coupling can be enhanced by using certain coupling agents, thereby 
allowing one to relax somewhat the tolerances on flatness of the mating surfaces compared to 
what would be required if pressure alone is used for the end coupling the bundles in the 
acoustic path. Suitable coupling agents include anti-seize compounds containing nickel 
15 particles; soft nickel foil; gold-plated aluminum; gold-plated anodized aluminum; electroless 
or electroformed nickel on the ends of the buffer; and gold foil. Further examples of 
coupling agents appear in the ultrasonic coupling literature. 

If an electronic beam (EB) welding machine is unavailable or if the bundle length 
exceeds the capacity of the EB welder, an oxyacetylene torch may be used to fuse the ends 

20 and seal to the sleeve. TIG (tungsten inert gas) welding may also be used to fuse the ends 
and, in the flange 8, to radially build up the web 8a in a design wherein the flange initially 
has a hole through its center, into which the bundle is installed and welded. Fused silica, 
previously reported for use in high-temperature buffers for plasma measurements by 
Carnevale et al. in 1962, may be torch-fused by a skilled glassblower. The waveguide 

25 elements do not have to be made of a material identical to the sleeve, but the thermal 

coefficients of expansion are preferably reasonably well matched, if operation over a wide 
temperature range is contemplated. 

In flare gas applications, the "bias 90" configuration described in Smalling et al. in 
Proc. 39th Annual Symposium on Instrumentation for the Process Industry (1984) can be 

30 approximated by adding 45° reflectors 30 to the ends of the buffers, leaving gaps or a slot 3 1 
so the gas can self-purge and self clean the radiating tip and reflector. Such an embodiment 
is shown in FIGURE 5. An extender body 32 mounts via screw 33 and locking screw 34 
onto the end of the bundle sleeve 6 so that the bundle launches its signal along a slot or 
passage 31 in the extender 32. The signal is reflected off a 45 6 reflector 30 and thus is 

35 launched at a right angle from the tip of the assembly. Here the bundle effectively moves the 
signal source close to the reflector. The 45° reflector may also be coupled or bonded directly 
to the bundle end as shown in FIGURE 5B, discussed below. 
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em hnH The t bUn n 6 ^ a,S ° bC inStaUed " 3 PipC P1U8 1 8 inStead of in * Such an 

embodiment is illustrated in FIGURE 6. 

hollow * outside the pressure boundary, and a simple 

hollow tube 1 5 forms the uurer buffer, as shown in FIGURE 7. These constructions 1 
5 commons tilustrate dre versatility of rhe bundle consttnction according to the 

diffleultTf? ~ ,i0 " S ° f SUCH * Ii8,di2ed bm< " e bUffCT ' "*< ^d that 1, is 

difficult to form a homogenous fused end by simple eleetron beam welding as the materia in 
dre central region beeomes irregular and eanno, readily be machined flat. This 

com' X * Whercta 3 ^ ~ — — <» huildCa 

noCSr^r r idinE 2,1 effec,ive - 4 con,tauous - - «* 

fiw k T US * n " e °° e " anicuto| y P"fe"ed application of mi, technique to 

*eaf of S iTf fc t 0 " ° bU, " ile *" ^ ™* 50 "» *■ «« arouTa 

*eaf„frods5„h,cha re ,ocons,inr,emebundle. A TIG wire welder 60 with wire 61then 
15 butlds up a weld body 40a in me ring aperture on the faces of the rods 5 to emhTffl mT 
aperture ,o a .eve, indicated by phantom m lille 43 . A c0lmKr ^ 4J „ ft ™ ^ 

20 flar, B e fo^bv'r^'n t " *" *<" - "ounting 

tlange formed by the rmg 50. Terminated in this manner, the recess 4S ma v .k™ k 

co^tinction shown tn FIGURE ,. FIGURE 4D illustrates such a finished assembly 

50' and fa «d 3 ,' ^ ^ * ^ «"» <■» 

25 h! , f , , r" " Cro " " « <o *= »d face 46 of me fill metal 40a. Gap g may 
25 be hqutd or sohd fdled u, enhance acoustical coupling. The distal bundle assembly 9 Zl 
mourned as .„ Fignres 4A and 4C has a tube 9' sunnunding me rnds 5 of me^rMy ' 
wtach, * rUustiated may extend directly into flange 5*. or may have an additional « ernal 
sleeve 9" about the tube a, the flanged end. to each case, the tube or sleeve is also TO 

FIGURE 2 shows a complex measurement system 60 utilizing bundle buffers as 
she,™ m FIGURE 1 to non-dispersively carry energy betiveen transducers mo^d oTto the 
bundles along precise paths within a conduit. u on to me 

" n„„, « 1° FI0URE 2 ' SySttm 60 inC ' UdeS a 62 wltt, a plurality of 

nozzles 63 denoted A.B....H oriented for ultrasonic interrogation. Some nozzles (E F G H) 
redirected along chorda, or diametrical paths in , plane to meaame cross flow V x £d 

Sena, No. 206,861 filed on Mamh4, 1994, which is hereby incorporated herein by reference 
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Others are directed along pa having an axial component to sense axial components of flow 
V x) and in two orthogc . u planes. The spoolpiece also contains pockets and sensors for 
measuring gas pressure P and gas temperature T. FIGURE 2A illustrates path configurations 
of the flange plane nozzles and flow sensing pairs, while FIGURE 2B is a perspective view 
5 of the spoolpiece. 

The use of such a spoolpiece for swirl and crossflow corrected measurements is as 
follows. 

In Gauss-Chebyshev or other multipath flowcells, it is well known that the total actual 
flow Q A in the axial direction can be well approximated by a linear combination of weighted 

10 averages of the flow velocity measured along the several acoustic paths, in combination with 
an area term. In FIGURE 2 A, we are dealing with a good approximation to Q A obtained by 
the vee paths with the bundles installed in nozzles A, B, C and D. The refinement sought is a 
small correction or compensation for secondary flows. Let us recognize that the vee paths 
measure flow in the z direction, that the diametrically opposed nozzles and their bundles 

• 5 measure the crossflow term in the jc direction, and lastly, that the ±30° nozzles and their 

bundles, in the plane perpendicular to the pipe axis, measure circulation I\ Note also that the 
units of axial flow and cross flow are m/s but the units for circulation are m 2 / s . This creates a 
problem, because we would like to solve for Q A as a simple linear combination of products of 
velocities V\ and their respective dimensionless meter factors K i9 multiplied by an area term. 

20 Let us denoted by V^g the average velocity in the axial direction, the average being taken 
over the pipe area A, Then Vavg ~ Qa^- 

In matrix notation we want to calculate V aV g=V T K. This means we want the sum of 
the products of V X K X + V T K T +V Z K Z where in the middle term the velocity part is taken to 

mean the tangential velocity. The tangential velocity is related to the axial velocity by the 
25 swirl angle \|/, where vj/^tan* 1 [(tangential velocity )/(axial velocity)]. By definition, the 

circulation T equals the closed-path integral of VdS. Smith et al. (1995) have shown that for 
the inscribed equilateral triangle path, r=0.605c 2 A/ where 

A/ is the time difference measured clockwise and counterclockwise and c is the speed of 
sound in the fluid. Applicants recognize that the tangential velocity is linearly related to Fin 

30 the formula for circulation. Applicants propose taking as a measure of the tangential 

velocity, I7S, where for the inscribed equilateral triangle forming the closed path along which 
r is measured, S = 3*/3R where R = internal radius of the pipe. 

By deriving a formula for a tangential velocity from the measured circulation, 
applicants have arrived at a simple systematic way of obtaining the total flow, to be 

35 compensated for the secondary flow components, empirically or by experience. In other 
words, we propose that Q A be obtained as A V^g, where in a manner similar to that used to 
obtain weights in neural networks, the Ks are adjusted until the error in total flow is 
minimized for the entire range of flow velocities of interest, e.g., ±1 to ±20 m/s. As a special 
case, if the crossflow and swirl are negligibly small, K x and K r would be set to zero. For the 
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vee paths, under turbulent flow, a traditional formula for*, would be 1/fl 1190011 l m * t 
to ^refined as a Won of pipe roughness and beam diameter ^Zl pipe LL?' 
In genera,, crossflow and swirl may mak e some nonzero contribution ,„ me Z Uta, £L 

m*£Z ^ <toenmnKl < ,M > — "»« ""We, experience or trial and error 
methods are sunp ly ..erated unffl a. error is minimized, or until time runs out. 

TABLE 

Velocity Term Mathematical Formula in Terms Meter Factor * 

Symbol ofc^Ar ' 



Axial flow 



Cross flow 



: 2 At 

2L 



? 2 At 
2D 



l.U9-Q.0lllogRe 



tbd 



Tangential flow 



6os c 2 Ar 

3y/3R 



tbd 



10 



15 



20 



25 



is very sZl l r T * "* *** " S ° Slender ' a « *• *« dispersion 

-^rsrve -thepractical sense. TheoreticaUy, dispersion is zero Ly at me origin of 
*e phase veloc.ty vs. « A. curve, or at the high frequency longitudinal wave asymptote 

r^ IZTo Z ° n 6 fr6qUenCy ^ Str ° ngly ' S ° ** "*« ^uencies travel 
more slowly. One embodiment of the invention utilizes such rods to form a bundle in a 
system to launch a signal formed by downchirp Fourier r^ ction ^Z^Z 
frequency first, and the lowest last). utemgnest 

FIGURES 8A, 8B illustrate the signals of such a system. As shown in FIGURE 8A , 
square wave signal S is shown as a Fourier cosine series summation of a7ura,ny^s' 
overlappmg m a finhe time interval In accordance with the prasen, invention a ne^T 

TZTttTT* ^ def,ni,i0n " — — * — *• - ^™mb,y 
1 Ln ™ ,0 ^ ta TOi ° n - a SeriK ° f P*- ° f «*« frequencies 

cocol^ 1 H " d "* * amPlhUdeS V<™™B 8B) corresponding » men 
coefficients m the destrad (e.g. step-function) wavefomt, a. times corresponding ,o their 
respecrive delay rimes in the buffer. Trie three separate waveforms then comoile »7 
measurament poim ,„ form a well-defined wave by Fourier synthesis. 
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The precise delay times and amplitudes for such operation may be determined as 
follows: 

Assume for the moment that we are using a symmetric pair of bundles, one on the 
transmit side, one on the receive side, of a fluid medium. One measures by pulse-echo, 
5 measuring the group delay first at 1 00 kHz, then at 300 kHz and finally at 500 kHz. One also 
measures the amplitude of each returning packet. Knowing the round trip group delay and 
amplitude, we can subsequently retransmit amplitude modulated and time delayed tone bursts 
at the separate Fourier component frequencies, so that they recombine on pulse-echo mode to 
yield the desired rectangular (or square wave) summation. This yields a precise echo with an 

10 edge timing that depends on the temperature of the bundle. As the bundle experiences 

different temperature profiles, in the course of an application starting up at 20 °C, running at 
200°C and occasionally experiencing upsets at 450°C, for example, this pulse echo 
interrogation provides a dynamically changing time signal which allows the transmitting 
circuits to be corrected, to maintain the reconstruction at an optimum combination of 

1 5 amplitude modulation and time delay between the different frequency components. 
Applicant calls this process "dynamic Fourier synthesis," wherein transit time of each 
component is used to adjust launch time of that component. It will be understood that the 
above symmetry assumption is convenient for the sake of explanation but is not necessary. 
One can interrogate each bundle separately and use the average of the round trip delays and 

20 amplitudes, to calculate the necessary delay and modulation for each component. A further 
refinement is to consider that the different frequencies will be attenuated differently by the 
fluid medium, especially if it is turbulent. To compensate, the higher frequencies are 
transmitted more strongly than if there were no attenuation in the fluid or attenuation were 
the same for all Fourier frequencies. A simple processing algorithm or neural network may 

25 be set up to determine reasonable transmitting adjustments, so that the received packet is as 
nearly rectangular as possible. In fact, deviations for the ideal rectangular result may be 
interpreted in terms of fluid characteristics, e.g., turbulence. The default transmission would 
be the combination of time delays and amplitude modulations that makes the averaged pulse 
echo return as rectangular as practical. In other words, the default transmissions disregards 

30 any corrupting influence the fluid medium may have on the packets. 

In operation, the three tone bursts are transmitted into a first bundle in rapid 
succession, say 500 kHz first, followed by 300 kHz, followed by 100 kHz, delays between 
tone bursts being controlled by amounts as irrigated above. The lower-frequency tones 
gradually tend to catch up with the 500 kHz tone burst, their delays being selected such that 

35 due to total length of the transmitting and receiving bundles catching up occurs essentially at 
the receiving transducer. In this way, the three tone bursts add up to reconstruct a rectangular 
pulse whose leading edge is sharper than that of any of the tone bursts alone. In this way a 
time-of-flight ultrasonic system is made more accurate and less subject to skipping a cycle. 
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The Fourier-reconstructed rectangular pulse is a very distinct waveform, easily recognized 
not easny confused, and its arrival tune can hence be detennined reliably and precisely 

Another system embodiment utilizing the broadband bundle buffer but not involving 

5 would experience nearly identical time delays in the buffers, and then to measure these delays 

d t^'ed t tCC K qUeS ' Unkn0Wn time ^ mCdiUm b — is then " 

determined by subtracting the buffer times from the total time of travel. Here the skipped 

cycle problem is solved by finding the transit time in the medium that give the best 

L T eqU6nCy - TheOT ° rnOWduetos ^cyclebecomesineffectso 

large as to be clearly recognized and hence disregarded or easily compensated 

Returning now to the buffer bundle, applicant envisages a number of specific 

F^S^^f 3 direC ! d ^ 8Uid6d dement « ^ ab -e. 

FIGURES 9A-9E illustrates details of system implementations. 

buff r h T inFIGU ^ 9A -* e ^^ 

b^er a lows them to be aimed with high precision for V- P ath interrogation, A simple 
reflector R may be configured as a plug element between two directed nozzles to define a 
flow measurement path. The FIGURE shows a section through the reflector R taken along 

T , 8 y ' D02ZleS ^ be ° riented at different so that the 

7c ™: e , d i sign ? paths ™ * a target region t **. « — » 

in FIGURE 9C. This allows detection of scattered signals from localized regions, and may 
be used with various known measurement protocols. * 

25 A* / dV T 8eOUSly '* ebradleb ^ ere0fAepreSem 

ori^/^; :^ eredtoor ^ m 

orientation or shape of beam to be precisely controlled. These properties enable transducers 
to be arranged in systems such as the following: 

a) a multipath flow meter with off-diameter chordal vee paths wherein all 
transducers are on one side of the conduit; 

30 b) a flow meter wherein the transducers for upstream (U) or downstream (D) 

interrogation are mounted in common flange planes, which may coincide- 

are cJLh h ^ Whgrein beam pattem «* ^ion in the fluid 

are controlled by varying frequency applied to a bundle of non-uniformly distributed rods 

35 to lie flu^t ^ t0 PreSS " fit int ° n022le ' ^ may ^ its face F finished 

to he flush with the pipe interior wall so as to present no flow disturbances. FIGURES 9D 

and 9E illustrate orthogonal sectional views of such a cylindrical^ faced bundle. As further 

shownmF,GURE9F,the outer shell near the face may be stepped so that only the^d 

aSSUreS b6tter aCOUStiC iSO,ati ° n fr ° m «* ™***> while assuring 

that the assembly will be removable if required. 8 
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As illustrated in FIGURES 1 OA-1 OC when used in a nozzle in this manner, a further 
degree of path control is achieved by the termination or end-face of the bundle. 
FIGURE 10A shows two parallel nozzles for holding bundles, with each bundle end face 
chamfered at a different angle to launch its beam so the two beams intersect in the fluid 
5 stream. The transmitting bundle has its face chamfered to face toward the receiver as shown 
in FIGURE 10A, while the receiver bundle has it face chamfered facing in the other direction 
such that each beam follows the desired refraction angle to intercept the other beam in the 
fluid. The beam spread may further be controlled by lens-like deviations in the face contour, 
or the refraction angle may be varied to compensate for flow-induced changes by changing 

10 the frequency of the signal to raise or lower its soundspeed in the bundle. As with the bundle 
of FIGURE 5, a lens, wedge or reflector may be incorporated into the non-dispersive link. 

The invention contemplates another type of beam control achieved solely by the 
constituent rods forming the bundle. In accordance with this aspect of the invention, the rods 
forming the non-dispersive waveguides within the bundle are not all identical, but instead are 

15 formed of several different groups of different sizes arranged to form a focused, dispersed or 
deflected output or reception beam. FIGURES 1 1 A-l IF show the construction of such 
embodiments. 

FIGURE 1 1 shows the dependence of soundspeed in a thin rod on the ratio of radius a 
to wavelength, based on the work of Tu et al. (1955). For the embodiments described below, 

20 the rod radii are selected to lie in the initial sloped (small a) shoulder of this distribution. 

As shown in FIGURE 1 1 A, one embodiment of a bundle 100 illustrated in cross 
section has rods which are of smaller diameter at its periphery than at its center, where the 
range of diameters (e.g., .25 to 1 .5 mm) is selected so that the soundspeed in the rods varies 
with rod diameter, i.e., with radial position in the bundle. Soundspeed Cp increases with 

25 radial position, and the bundle therefore acts like a convex lens, producing a convergent 

output beam. Similarly, as shown in FIGURE 1 IB, a bundle with larger rods at its periphery 
forms a divergent beam. The bundle need not be a round cylinder. FIGURE 1 1 C shows a 
bundle formed as a rectangular or round stack of rods of graded radius that increase in the x- 
direction rather than radially. This is analogous to a linearly graded index of refraction, and 

30 the Poynting vector forms a fixed dihedral with respect to a plane normal to the launching 
face. In that construction, the output beam in launched at an angle to the normal plane. 

Neither is it necessary that the individual rods or wires making up the bundle be 
round. Hexagonal or square wire or rods may be used. However, round is the preferred 
shape to minimize edge contact, and avoid the possibility of coupling, mode conversion, 

35 leakage, and other dispersive or attenuating processes. 

FIGURE 12 shows another construction in which not all of the waveguide elements 
are of one diameter, e.g., like the one denoted 5. Here, to reduce the span of the thin 
containment shell by half, from S x to Sx/2, a filler rod 5d of somewhat smaller diameter is 
introduced to fill one of the cusps. In the arrangement illustrated, not all cusps are of equal 
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size and hence different filler waveguides are used denoted by 5a, 5b, 5e. and 5d These are 
Uround wtres <round rods,. A special shaped finer waveguide 5e is also show, ha^a 
ZT ^ ^ *~ ^ «— °~n of any ZZL 

1 1 * T" '° ^ ,enB,h 50 *" «* I wave phase LociTwil. 

be ™,y equa. to the square root of Young's modulus E divided by I density p ole 

£ It^nT d « aether bylelding ^g . 

SJ1 ^ y rein&rCed a ' ^ " m ° re l0Calized P** «- lenl 

of the bundle, and then machine the exterior rods until a round-bounded pattern is achZd 

fde!^ . ! SUC " " temp0raril ^ «■ «>* together, tunL to 

could then be stalled .n a sleeve whose inner diameter matches the bundle outer diameter 
Also shown in FIGURE .2 is a filling material 61 a, some of the JTJZrZL 
matena, is tntroduced to atienuate pulses and is preferably distributed along ^ Z 
dnectton . ^ ^ „„, ^ ^ ^ 

™idntg or braang would disbond the waveguides from me intended damping maTerial 

7' H T t * W " * -to " -*« « ' -amic or ^t-. 
n. w f y,fen ° n ^ reiVerodS * Chfoma ounmeneedno,Lden^y 

packed bun d,e of "solid" rods, but may be any well-packed array of suitable non-dZrL 

cross-sectton to effeenvely carry enough signal energy, and they are packed with little 
enough contact so tha, they do not couple or become dispersive as a grou7 

Tins may be accomplished using a set of hollow tubes arranged concentrically as 

tZ m , r 71,6 **" ^ f ° med - W- P-*^ « keep 

titem separafcd and essentially on, of contact with each other. Such protLions may for 

Z" rT ° f SH8ht 300 ^ ' «-* P™oh as Iwn in HgTSeTsA » 

ITo^fl T"» eXMri0r *** SU8h ' — -de with a Z 

-tre^r flared ends as shown in FIGURE 1 3B to contact the nested exterior tube. ThenZ 

Zetimm * J"* " ^ " ^ embodiment d^T 

abo ve, wtdnn a common sleeve, Otiter memods of isolation, such as isolated spot welds 
affixmg a sptral spacer wi re beriveen adjacent surfaces may also be used. SimLy J^r 
ton a concenptc arrangement of mutually isolated hollow tubes, a series of concept 
puts (dun cyhnders wim an axial s.ot) may be used, as shown in end view in FIGURE 13C 
™™o„ also contemplates hybrid bundles witit a plurality of non-dispersive rods 
enclosed withtn one or more hollow cylinders, as shown in FIGURE 13D 

The bundle buffer of the present invention also may be implemented in other versatile 
consnucuons to solve problems of pipe fitting comptexity or flow path accessary 

For example the 90" reflector embodiment shown in FIGURE 5 may be readilv 
tncotponned in an oblique mourning consmrction which accesses a process flow line to take 
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flow sensing measurements without dead space. Such a system 500 is shown in FIGURE 5A. 
Here, a bundle 1 having a reflector 1 a is fitted obliquely through a simple flange 3 to cap a 
fluoropolymer-lined tee in a process line and to inject or receive a signal obliquely along a 
flow sensing path P. The bundle sheath may be welded where it passes through the flange 
5 with a circumferential weld 4 to seal and support the bundle shell. Advantageously, in 

processes requiring high corrosion resistance, this property is provided by simply utilizing a 
titanium or monel flange, and it is not necessary to fabricate a high quality and specially 
machined spoolpiece or angled nozzle conversion assembly. 

FIGURE 5B shows one construction for the launching/receiving termination of the 

10 bundles of FIGURE 5 A. In this construction, the bundle buffer 9 has an angle wedge 19 in 
the form of a cap. The signal path from the rods in the bundle 9 reflects off the oblique face 
W internally of the wedge and is directed to launching face 29 at right angles to the bundle 
end. A quarter wave matcher 11a, shown in phantom, may be provided on the launching 
face. The reflection is internal, assuring stable non-fouling alignment, and the wedge may be 

15 simply coupled to the end of the bundle, for example by providing straight (non-tapered) 

threads on the cap interior, or by providing a plurality of outwardly pointing set screws 28 to 
secure the wedge on the bundle while drawing it down into pressure contact with the bundle 
face. The wedge may be made of a low thermal expansion material, such as molybdenum or 
Kovar, allowing a simpler expansion matching when welding or otherwise attaching a 

20 graphite X/4 matching plate. 

While the foregoing description has focused on the fabrication of a non-dispersive 
acoustic path link that may be a bolt-in replacement for or improvement of much existing 
process "plumbing", and particularly to straight or rigid wave guides, the invention also 
contemplates constructions in which the assembly is not necessarily straight, and in which the 

25 rod termination may involve mode conversion or other features. FIGURE 14 illustrates an 
embodiment 600 wherein a crystal 1 contacts a peripheral band of a centrally-thinned flange 
to direct its energy into a plurality of rods 5 which extend from the flange mount position to a 
distal end 5a. The distal ends flare out to contact a thin cylindrical shell 601 at normal 
incidence and mode-convert their signal to a flexural wave that propagates along the cylinder. 

30 An outer sleeve 603 with an outwardly tapered mouth and an inner cone 604 with an 

inwardly tapered point are spaced outside of, and inside the cylinder, respectively. These 
conical reflectors reflect the compressional waves formed in the surrounding gas by the 
surface waves launched in cylinder 601 , forming a plane wavefront. 

Advantageously, the non-dispersive bundle of this invention remains quiet between 

35 pulses and end echoes, allowing many different measurements to be performed during 
discrete time intervals. 

The piece-wise or window-wise quiet bundle may be used in pulse-echo interrogation 
of fluids, e.g., range-gated Doppler as noted by Brandestini (1978), the key system elements 
being those described in a 1979 chapter on Ultrasonic Flowmeters, p. 438, Fig. 19(a), 
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dtameler plane and from upper and lower midradii planes. These measurements utilize the 

5 or T 0ff,UrbU ' en, ^ ° r ° ff P — • «*« <« *= fluid No^L 

5 of flanges cou!d he bo.t-hole-ahgned for (a, ease of fabrication and for (b) ease of 

mtenrrehng seanered-energy test data. In the pifch-catch case, nozzles may be parallel if the 
bun es are suitably beveled, as described above. Note tha, because me Zue ZTta 
radtated beam to be .aunched into me fluid a, angles other man perpendicular to me »d t is 
poss,bte to ahgn upsfream U and, separately, downstream D flit and evl U »d D 
■0 flanges all in one plane so that the U and D planes coincide. «U™H> 

Because of this quiet aspect, due to lack of reflections along the lenzth of the „wt« t, 
.Possible m monitor the efficiency of coupling of one rod bundle ' 
monttor the end echo where the sound wave enters fhe gas or fluid stream. Infant L 

.5 n^ 4 r cy ^ e - 8 - ,o °- 300 500 ^ ^ ■"«""«- ~« 

„. ^ " 0te fimh " *<" ^ such as fotming an S- bend to prevent 

nu tear t^g ou, of an ofherwise shaigh, ac^as port (i.e., „ti,iL an S-por,)- £Z Ids 
to enncenfrate me sound, as shown in FIGURE 1C, or ntdiate, or to diverge the solTto 

dhSre": y ^ ' ayed faPU,SeS ' '° « ~" -vefom, depend tag onZ 

subsequently delayed as a function of their radius/wavelengm ratio. Applicants father 

'"^^^•B'ontamtamidenhcalrodtengthsCtheS.bendbeingoneettamDlel A different 
* Condon is ,o employ a braided flexible cabte forme bundte Iwin^fl J^T 
ofmstallaaon or tank movement s greater flexibility 

«,„„, ^ n0nK ' iS1,ersive ,i,,ks ° f *' Pres», invention may also be employed in clamp™ 
h-ducer systems, wherein a mounting Mock 70, as shown in FIGURES ,5, 15A 2eL 
to a conduit m a position such tha. transducer 75 held therein launches an mtmsoni s^ 
»0 along a prectse.y defined pam mreugh the pipe waU and fluid flowing meretaTnumoTof 

'rretereLI FLuret'^ ^ ,993 - wWc " -ten, is hereby incorporated herein 

an dlrn , """" illUS,ra,eS 3 W0Ck aSSOTb "' wherci » transducer has 

15 ^^,37 ^'^^^^^toewedgeornmunnng 
block and is urged .„,„ comae, wim the pipe wall. In accordance with a further aspect of me 

such a fra^ducar nosepiece Is formed of a non-dispersive gtadeTunde* 

eten^nf T" " T ^ "~ » <*- ^sduc^ 

ForetLple 

me couplmg face may have a cwvafure mafching the pipe to continuously ^ B0 „. ^ ' 
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dispersively couple into the pipe wall, may have a splitter configuration or point- or knife- 
edge to launch shear or other waves for a pipe wall measurement, or other known contact 
coupling face. 

According to another aspect of the invention, transducers coupled to a wall are 
5 interconnected to provide noise cancellation. FIGURES 16A and 16B illustrate operation of 
this embodiment. FIGURE 16A shows a prior art system wherein two transducers, denoted 
transducer A and transducer B are mounted on a conduit to transmit and receive counter 
propagating upstream and downstream signals. The downstream-propagating signal received 
at transducer A is denoted S^n, while the upstream signal received a transducer B is denoted 

10 Syp. In general, the received signal will contain a useful component which has propagated 
through the liquid, denoted S^dn ^ Slup> respectively, and will contain a noise signal 
denoted or Nyp, respectively. A major part of this noise signal is acoustic short circuit 
noise which has propagated through the steel wall and therefore arrives at both transducers 
after the same time delay, whether propagating in the pipe wall in the upstream or 

1 5 downstream direction. 

FIGURE 16B shows a system in accordance with this aspect of the invention. A first 
transducer assembly C shown as consisting of two elements C j and C2 transmits signals in an 
upstream and a downstream direction. A pair of receiving transducers D, consisting of 
receivers Dj and D 2 , receive the upstream and downstream waveforms and their outputs are 

20 combined 1 80° out of phase. The transmitting assembly C, while shown as two elements, 
may consist of a single transducer provided that transducer is set up to launch waves that 
propagate in both directions. For example, transducer C may have a splitter and contact the 
pipe to launch shear waves bidirectionally. The combined output signal from the transducers 
Dj and D 2 will effectively cancel almost all conduit noise originating locally. The resulting 

25 signals are processed by a differential correlation process in order to determine a precise time 
delay incurred in signal travel. A detailed description of correlation processing and suitable 
coding or signal wave trains are described in commonly-owned U.S. Patent No. 4,787,252 
entitled Differential Correlation Analysis, issued on November 29, 1988. That patent is 
hereby incorporated herein by reference in its entirety. 

30 Briefly, by correlating the combined received signal with a delayed replica of the 

transmission signal, a very precise At=T 0 is obtained. Using h(t) to represent Sup - if 
there is no flow, h(t) is almost zero. If there is a flow, then h(t) is the function of T c , where 
T D is the time delay between Syp and S^. 

To find T D from h(t), one can use a known function g(t) selected is such a way that it 

35 has similar shape to signal Sldn ( or ^lup)- TW s may be a replica of the transducer actuation 
signal. 

The cross correlation function /(x,T) = J h(t)[g(t - x -T) - g(t -t)] dt 

will reach its maximum when T = T 0 . 

Another suitable cross-correlation function for this determination would be 
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D(x) = J - Su,(t + x)] 2 dt 

which will reach a maximum when t=T 0 . 

This A-B collation method may be used alone, or in combination with one or more 
known no , S e reduction methods, such as inserting a damping body, flange or conduit se«Ln 
between transducers, offsetting a receiving transducer X/4 circumferential* iron, a 

*™ ly^ppo sitt posi , io „ m condui , wa „ m m 

T^TTZZ^T T VMar *° m * e receiver sigMl — ^ 

^1 ,0 6 reSU " S by A " B ~» «- ° f 1— 

bv J 1 !™! ' 7 i " US,n " eS * e Signa ' **- " VOlved ' showi «8 "»■« canceUaflon achieved 
bycombmmg me «vo stgnah om of phase and processing me combined signal in mis 

im Dl em™e S H aPPr ° aCh !" "° iSe CaI,Ce " a,il>n for common-mode noise may a!so be 

rmplementednsmg only two transducers, as in the configuration of FIGURE 16A The 

dcTr *T ^ ^ ta ttaBSmitted «T. - upstteam and 

iTtT T" " Perf ° rmed (bUt « *- Cose «o 

TZlT TT COndiU ° nS ^ ,0 implema,, « " d "=^ — "ode" noise 
can* taron. In thrs case, me processor preferably sores me received waveforms propTZg 
m each dtrection, men combines mem and performs conelation analysis 

The mvention being thus described, variations, modifications and adaptations thereof 
wril occur to those skilled in the «. and such variations, modification a»d 
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Claims 

1 . An ultrasonic system with enhanced signal path comprising a signal conductor for 
interposition as a link in the signal path to conduct ultrasonic signals at least partway between 

5 a transducer and a signal environment, wherein the signal conductor includes 

a plurality of rods each having a first end, a second end and a defined length, 
and having a diameter effective to non-dispersively propagate the signal, and 

face means joining the first ends of substantially all of said plurality of rods 
into a continuous coupling face 
1 0 wherein the rods and the face means form a rigid assembly for mounting in the 

transducer signal path which carries said signals and couples them through the face means 
without dispersion as a path link physically spacing a transducer from said signal 
environment. 

2. An ultrasonic system according to claim 1 , wherein said face means includes a quarter 
15 wave plate. 

3. An ultrasonic system according to claim 1, wherein the signal conductor further 
includes at least one transducer coupled into one end of said rods. 

4. An ultrasonic system according to claim 3, wherein the transducer is operable at a 
plurality of frequencies substantially given by {nf} where n== 1,3... is an odd integer and said 

20 quarter wave plate is a quarter wave plate for waves of frequency/ 

5. An ultrasonic system according to claim 1, wherein said face means includes a face 
which is coupled to said plurality of rods at normal incidence for mode conversion of 
compressional energy in the rods to flexural energy in said face means. 

6. An ultrasonic system according to claim 1, wherein said face means includes a 
25 counterbored fill weld. 

7. An ultrasonic system according to claim 1, wherein said plurality of rods are enclosed 
and packed within a shell. 

8. An ultrasonic system according to claim 7, further comprising spacers between said 
rods for structurally supporting said shell. 

30 9. An ultrasonic system according to claim 1, wherein said plurality of rods have 

different radii and are arranged in an ordered pattern to differentially delay transmission of 
acoustic energy and launch a shaped or deflected output beam. 

10. An ultrasonic system according to claim 1, wherein said shell has thickness greater 
than diameter of the rods. 
35 11. An ultrasonic measurement system comprising 

transmitter means for launching substantially identical upstream and downstream 
propagating ultrasonic signals 

reception means for receiving and producing an upstream output and a downstream 
output indicative of said upstream and said downstream propagating signals, respectively, 
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mndifJT ^ mbiniDg Said Upstream out P ut sai ° downstream output to produce a 
modified output of diminished noise, and 

.^^.r" 5 COrrelatln8 ^ m ° dified ° UtpUt - th a of said ultrasonic signals to 

determine a time interval. 

; identic^ meaSUrCment SyStem accordin * t0 1 1, wherein the substantially 

identical signals are coded ultrasonic signal bursts. 

cL, tf" UltraS , 0niC meaSUrement ***** accordin 6 ^ claim 11, wherein the means for 
correlating correlates the modified output with a processed replica of the upstream and 
downstream propagating ultrasonic signals. 

14- An ultrasonic system according to claim 1 , wherein said signal conductor extends 
^pressure boundary toafluid for carrying a transducer signal coupled meret^ 
former comprising a transducer, said transducer being coupled through said pressure 
boundary by a coupling that decouples to remove the transducer without breaking the 
pressure boundary. B e 

15 15. An ultrasonic system according to claim 4, further comprising means for 

amomaticaUy evaluating signal qiuuity at ^ of ^ fta ^ ^ 

evaluauon. for operating a highest frequency ma, propagates 4h useful signT 

' 6 t ""T 50 ™" 1 s 5«™ **<»<«»g to claim 1, where in said system operates in a pulse- 

P^rnta * ^ """"^ ~* " ^ "* ™ «< ^« - J or 
pertorming a measurement. 

17. A measurement system comprising 
a first and a second transducer 

25 cn„„, 3 S6COnd bUndk ° f rods, the bundles being acoustically 

25 coupled to said first and to said second transducer, respectively 

wherein said first and said second bundles together define a non-dispersive portion of 

:^ n ; Tl path ^ whh end faces » d - 

across a fluid which is to be measured, and 

30 „ meanS 3PPlying SignalS t0 *** rCCeiving signals from said ** and second 

transducers to measure said fluid. 

18. A measurement system according to claim 17, wherein at least one of said bundles is 

"r flw T no ^ etoreach ^ dfl ^ 

35 It t„ A h m " aSUr f mem ***** accordin 8 to claim 18, wherein said bundle is sealed with a 

20. A measurement system according to claim 17, wherein at least one of said bundles 
penetrates a cover plate and mounts at oblique incidence on a tee to conduct an ultrasonic 
signal proximate to a fluid path. C 
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21. A transducer comprising 
an electroacoustic element 

a plurality of non-dispersive rods coupled to the element 

a termination forming a common coupling face of all said non-dispersive rods, and 
5 means sealing said element, said rods and said termination in a closed body adapted 

for nondespersive and removable mounting in a measurement system. 
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